of columns of 9, 10, and 11 in cases with lower extremity onset. Severe TDP-43 lesions and neuronal loss were observed in stage 4 cases and sometimes included Onuf's nucleus. Notably, three cases displayed pTDP-43 aggregates in the midbrain oculomotor nucleus, which we had not seen previously even in cases with advanced (i.e., stage 4) pathology. pTDP-43 aggregates were observed in neurons of Clarke's column in 30.6 % of cases but rarely in the intermediolateral nucleus (IMl). gray matter oligodendroglial pTDP-43 inclusions were present in areas devoid of neuronal pTDP-43 aggregates and neuronal loss. Taken together, our findings indicate that (1) the dorsolateral motor nuclei columns of the cervical and lumbosacral anterior horn may be the earliest foci of pTDP-43 pathology in the spinal cord, (2) gray matter oligodendroglial involvement is an early event in the AlS disease process that possibly heralds subsequent involvement of neurons by pTDP-43 pathology, and (3) in some very advanced cases, there Abstract We examined the phosphorylated 43-kDa TAr DNA-binding protein (pTDP-43) inclusions as well as neuronal loss in full-length spinal cords and five selected regions of the central nervous system from 36 patients with amyotrophic lateral sclerosis (AlS) and 10 age-matched normal controls. The most severe neuronal loss and pTDP-43 lesions were seen in lamina IX motor nuclei columns 4, 6, and 8 of lower cervical segments and in columns 9-11 of lumbosacral segments. Severity of pTDP-43 pathology and neuronal loss correlated closely with gray and white matter oligodendroglial involvement and was linked to onset of disease, with severe involvement of columns 4, 6, and 8 of upper extremity onset cases and severe involvement 
Introduction
Amyotrophic lateral sclerosis (AlS) is the most frequent adult-onset motor neuron disease characterized by rapidly progressive paresis leading to death with a mean survival of approximately 3 years [31] . The phosphorylated 43-kDa TAr DNA-binding protein (pTDP-43) was identified as the major component in neuronal aggregates in sporadic AlS and the largest subset of frontotemporal lobar degeneration (FTlD) [41] . TDP-43 is a highly conserved and widely expressed 414 amino acid proteins that are involved in splicing of pre-mrNA, transcriptional repression, microrNA synthesis, and in maintaining mrNA stability and nuclearcytoplasmic shuttling [34, 37] . Progressive accumulation of similar protein aggregates is recognized as a defining feature of many neurodegenerative diseases, including accumulation of abnormally phosphorylated tau in Alzheimer's disease (AD) and α-synuclein in Parkinson's disease (PD). remarkably, many of these diseases show a characteristic spreading pattern of their underlying pathology across specific brain regions with disease progression [1, 2, [4] [5] [6] 58] . The cellular mechanisms underlying this spreading are incompletely understood, but increasing evidence indicates that misfolded protein aggregates can propagate by a selfperpetuating process that leads to amplification and neuronto-neuron transmission of these pathologies [23, 28] .
While the concept of "prion-like" propagation is now recognized for tau, amyloid-β (Aβ), and α-synuclein, evidence for cell-to-cell transmission of pTDP-43 is just emerging [44] . recently, we presented evidence for a possible sequential dissemination of pTDP-43 pathology in a large cohort of autopsy cases with AlS, in which pTDP-43 lesions were proposed to spread initially from the agranular motor cortex, spinal cord α-motoneurons and brainstem motor nuclei, and then from premotor and prefrontal neocortical areas to brainstem precerebellar nuclei and striatum, and finally from postcentral neocortical areas to anteromedial portions of the temporal lobe [9] . However, in that study, the lesions were not examined in sections through all segments of the spinal cord for potential longitudinal and transverse dissemination of pTDP-43 within the spinal cord during the progression of AlS. In fact, although many studies have analyzed pTDP-43 pathology in selected segmental sections of the spinal cord [7, 9, 16, 21, 22, 30, 40-43, 49, 54, 55] , none to date have evaluated the extent and severity of pTDP-43 pathology in full-length AlS spinal cords. Here, we examined the distribution of pTDP43 pathology and neuronal loss at all levels of the spinal cord from clinically well-characterized AlS cases, and we incorporated these findings into our previously described pTDP-43 staging algorithm and related this to the clinical presentations of AlS.
Materials and methods

Autopsy cohort
We included 36 patients with a clinical diagnosis of AlS (Table 1 ), in accordance with modified el escorial Criteria [13] , and a confirmed neuropathological diagnosis of AlS in subjects followed to autopsy in the Center for Neurodegenerative Disease research (CNDr) at the University of Pennsylvania (n = 13; 5 females, 8 males; age range 51-85 years; mean age ± SD: 65.4 ± 10.8 years) and in the Department of Neuropathology, Chiba University, Japan (n = 23; 9 females, 14 males; age range 42-82 years; mean age ± SD: 64.6 ± 11.1 years), between 1985 and 2012. Informed written consent was obtained from all patients or from their next of kin. The study was approved by the University of Pennsylvania Institutional review Board (Penn IrB) and by the University of Chiba ethical Committee. Ten full-length spinal cords from controls age-matched to the AlS cases were collected by the Clinical Neuroanatomy Section of the Department of Neurology, University of Ulm, germany for comparison with the AlS cases.
Detailed clinical characteristics (gender, age at onset, age at death, site of onset, disease duration) were ascertained from an integrated autopsy database, as described previously [59, 62] and by retrospective chart review of clinical visits within the University of Pennsylvania and University of Chiba Health System (Table 1) . For University of Pennsylvania cases, AlS global disease severity data, as measured by a functional rating score (AlSFrS-r) [15] , also were available.
Tissue preparation, staining, and immunohistochemistry
The spinal cord was dissected and removed in toto from the level of C2 to the level of the caudal sacral segments. After fixation, the dura mater was removed, preserving the dorsal and ventral roots. The nerve roots were marked with indelible ink at each spinal cord segment. After placement of the marks and evaluation of the completeness of the four major divisions, tissue blocks from each segment were placed in standard embedding cassettes with the ventral limit of the spinal cord facing the lower part of the cassette and the left side of the block facing the right side of the cassette (from the dissector's perspective). All tissue samples were embedded in paraffin, and the left dorsal horn of the spinal cord was marked with a pinprick and indelible black ink to permit analysis of potential disease laterality. The tissue blocks were cut in the transverse plane on a giant sliding microtome (Jung, Heidelberg, germany). Two sets of 70-µm sections were made from the paraffin blocks, as previously described [20] . This technique is performed on free-floating sections to enable recognition of specific cell types and cytoarchitectonic units and the accurate assessment of pathological changes, e.g., those associated with synucleinopathies, tauopathies, and pTDP-43 proteinopathies. The first set of sections was stained for topographical overview and neuronal loss using a pigment-Nissl stain for lipofuscin pigment (aldehyde fuchsin) and basophilic Nissl material (Darrow red). In a second set of slides, pTDP-43 pathology was analyzed by immunohistochemistry (IHC) using a commercially available 409/410 rabbit polyclonal antibody (1:10.000, Cosmo Bio, Carlsbad, CA, USA) and assessed according to a semiquantitative rating scale (0, not detectable, ≤2 aggregates per region; +, mild; ++, moderate; +++, severe/numerous) [9] . Severity of pTDP-43 pathology was throughout adjusted for neuronal loss. In assigning cases to a given neuropathological stage, the extent (topographical distribution pattern) was assigned more weight than the abundance of pTDP-43 pathology as previously described [9, 10] . Neuronal loss was also evaluated using a semiquantitative scale (0, absent or not detectable; +, mild; ++, moderate; +++, severe).
Within lamina IX of the spinal cord anterior horn, pTDP-43 pathology and neuronal loss were evaluated separately for each of 11 motor nuclei columns according to the classification of routal and Pal [50] . These motor columns were identified in control cases first ( Fig. 1 ) and employed as templates for the analysis of the corresponding sections from AlS cases.
In addition to the spinal cord pathology, pTDP-43 lesions were evaluated in 22 selected regions of the brain as previously described [9] and staged based on our previously published AlS staging protocol. These regions included the agranular motor cortex (Brodmann areas 4 and 6), medulla oblongata at level of the hypoglossal nucleus (XII), the middle frontal gyrus, striatum, and the hippocampal formation.
IHC was performed with a monoclonal antibody against phosphorylated tau (PHF-Tau; 1:2,000; Clone A8; Pierce Biotechnology, rockford, Il, USA), α-synuclein (Syn303; 1:4,000, generated in CNDr [18] , and amyloid-β (NAB228; 1:15 000; generated in CNDr) [35] . Double-labeling IHC was also performed on selected 70-μm sections using the pTDP-43 antibody above T  TDP1 NL1 TDP2 NL2 TDP3 NL3 TDP4 NL4 TDP5 NL5 TDP6 NL6 TDP7 NL7 TDP8 NL8 TDP9 NL9 TDP10 NL10 TDP11 NL11 OG repeat expansion was performed as previously described in detail [12] . In the 7 cases lacking a C9orf72 expansion, the coding regions of other genes associated with AlS/motor neuron disease or FTlD-TDP (grN, TArDBP, CHMP2B, AlS2, SeTX, SQSTM1, FUS, VAPB, ANg, FIg4, OPTN, VCP, UBQlN2, DCTN1, PrPH, SOD1, NeFH, DAO, SPg11, TAF15, eWSr1, PFN1) were sequenced using a custom-designed targeted next generation sequencing panel to screen for known pathogenic missense mutations. The regions covered included the five prime and three prime untranslated regions and the whole-coding and flanking intronic regions. The genomic libraries were constructed using the Haloplex target enrichment kit according to the manufacturer's instruction (Agilent, CA). Briefly, genomic DNA was fragmented using eight different restriction enzymes and denatured. The DNA was hybridized with a biotinylated custom probe library and sample barcodes, and the target fragments were retrieved with magnetic streptavidin beads and circularized by ligation. Captured DNA targets were amplified by PCr, validated, and quantified. equimolar amounts of differentially indexed samples were pooled for sequencing on the MiSeq platform (Illumina). Sequence reads were aligned and analyzed by SureCall software (Agilent). No pathogenic mutation was identified; however, three variants of unknown significance were identified in three cases.
Statistical analysis
Data analysis was performed using SPSS (Version 17.0 SPSS Inc., Chicago, Il, USA). The average (and range) of data on patient characteristics was estimated by calculating the median (and 25-75th percentiles). Differences between two clinical subgroups were compared using WilcoxonMann-Whitney Test. To compare raw data of multiple subgroups, Kruskal-Wallis analysis of variance on ranks was applied and in case of significance, by Dunn's Method.
Trend analysis was conducted using the Mantel-Haenszel Chi-square test. All correlations were studied using Spearman's rank-order correlation coefficient. Bonferroni correction for multiple testing was applied when contrasts were not driven by a specific hypothesis. For all other tests, p values <0.05 were considered significant. All statistical tests were two-sided.
Results
Aggregated pTDP-43 in motor nuclei columns of lamina IX
We analyzed pTDP-43 lesions and neuronal loss in fulllength spinal cords from 10 control cases age-matched to patients with AlS. No pTDP-43 aggregates and no loss of α-motoneurons were observed in any of the controls. generally, in the motor nuclei columns of the anterior horn of AlS cases, pTDP-43 pathology presented in the form of intraneuronal dash-like, skein-like, or roundish dot-like inclusions in the cytoplasm of α-motoneurons (Fig. 2a, b) . Widespread pTDP-43 pathology was seen across the entire length of the spinal cord, with the most severe pTDP-43 aggregates occurring in columns 6, 7, and 8, and at levels C6-Th1, l5, and S1 (Table 2) . Similarly, the heaviest neuronal loss was observed in motor nuclei columns 6 and 8, and at levels of C5-Th1 as well as l5. Neuronal loss correlated strongly with TDP-43 pathology across all motor nuclei columns (p < 0.001, rho > 0.4 for each correlation). Six cases (16.7 %) with widespread and severe pTDP-43 pathology showed mild pTDP-43 aggregates in the motoneurons of Onuf's nucleus (Fig. 2l) , although there was no evidence of neuronal loss (Fig. 2m) .
We also looked to see if different types of AlS onset might influence patterns of spinal cord TDP-43 pathology. Both pTDP-43 lesions and loss of lamina IX α-motoneurons tended to be more severe in AlS cases that had an extremity onset of disease as compared with bulbar onset cases (Fig. 3a, b) . In cases with upper extremity onset of disease, pTDP-43 pathology was significantly more severe in motor nuclei columns 1-6 and 8 in comparison to cases with a lower extremity or a bulbar onset of disease (Fig. 3a, b) . Similarly, neuronal loss was more severe in motor nuclei columns 1-6 and 8 of upper extremity onset cases as opposed to cases with a lower extremity or a bulbar onset of disease. In cases with a lower extremity onset of disease, pTDP-43 pathology was more severe in columns 9, 10, and 11 as compared with other types of onset (Fig. 3a, b) .
The severity of pTDP-43 pathology in various spinal cord segments was then compared among different onset (Fig. 3d) . In cases with an upper extremity onset of disease, pTDP-43 aggregates and neuronal loss were more severe at levels C3-Th1 than in the other onset types, whereas neuronal loss was more severe at levels l1-S1 in cases with a lower extremity onset of disease than in other types of onset (Fig. 3c, d) . Assessment of a possible influence of the side of disease onset on pTDP-43 pathology in the AlS spinal cords revealed that the severity of both the pTDP-43 pathology and neuronal loss was laterality associated, i.e., with the side of the first clinical manifestation (Fig. 3e, f) . pTDP-43 lesions were more severe in motor nuclei columns 2 and 8 of the side ipsilateral to first manifestation of paresis in comparison to the corresponding columns of the contralateral side (Fig. 3e) . Furthermore, neuronal loss was more severe in ipsilateral motor nuclei columns 2, 4, 5, and 8 than in the corresponding contralateral columns (Fig. 3f) . Finally, the severity of neuronal loss increased in nearly all motor nuclei columns with increasing duration of AlS, although no significant correlation with age at onset, age at death, or the AlSFrS-r could be found (Suppl. Table 1 ). Our cohort included 6 cases with a C9orf72 hexanucleotide repeat expansion. Severity of pTDP-43 pathology in different motor nuclei columns of these cases did not show a significant difference to cases without this expansion (data not shown).
Spinal cord pTDP-43 pathology at different disease stages
Spinal cord involvement by TDP-43 pathology and neuronal loss were previously evaluated at different AlS stages albeit not in the same level of detail reported here [9] . While stages of pTDP-43 pathology did not correlate with disease duration across all AlS cases (rho = 0.25, p = 0.15), we did show a significant correlation with disease duration in the subgroup of cases with extremity onset (rho = 0.46, p = 0.01). No significant correlation of AlS stages of pTDP-43 pathology with age of onset, age of death, or the AlSFrS-r was detectable (rho < 0.4, p > 0.05 each).
The abundance of pTDP-43 pathology increased significantly from AlS stage 1 to stage 4 in motor nuclei columns 6 and 2 (p = 0.04 each) as well as 7 (p = 0.02) and showed a tendency to increase with higher AlS stages in column 1 and 8 but did not reach statistical significance (p = 0.07).
Our cohort included four AlS cases at stage 1, and in three of these cases (cases 8, 12, and 20 in Table 1 ) relevant neuronal loss was absent along the entire length of the spinal cord, whereas mild pTDP-43 lesions were observed in the motor nuclei columns of all spinal cord segments. In a single stage 1 case with lower extremity onset of disease (case 8 in Table 1 ), pTDP-43 lesions were present only between l3 and S3 in motor nuclei columns 2, 9, and 10 Table 1 ) with severe pTDP-43 pathology that did not correspond to the any of the regional distribution patterns we reported earlier for AlS [9] : In addition to the regions involved in AlS stage 4, all three cases also showed pTDP-43 inclusions and neuronal loss in the oculomotor nucleus of the midbrain (Table 1) (Fig. 4a-c) . These cases were furthermore characterized by severe pTDP-43 aggregates and widespread neuronal loss in the substantia nigra (Fig. 4g , compare 4 h), severe involvement of the neurons of the inferior olivary complex (Fig. 4d, e) , and severe pTDP-43 aggregates in the dentate nucleus of the cerebellum (Fig. 4f) . Disease duration (median 70 months, interquartile range 59-145 months) was significantly longer than all other AlS cases (median 24 months, interquartile range 17-36 months) (p = 0.009) in the present cohort (Table 1) .
pTDP-43 pathology in neurons of lamina VII
The analysis of pTDP-43 pathology in lamina IX of the anterior horn was followed by evaluation of pathology in other gray matter areas of the spinal cord. In general, pTDP-43 lesions were rare outside the α-motoneurons of lamina IX. However, in 30.6 % of the AlS cases (n = 11) studied here, pTDP-43 aggregates were observed in the neurons of Clarke's column (posterior thoracic nucleus) accompanied in 13.9 % of AlS cases by neuronal loss (Table 2) (Fig. 2e-h ). The involvement of Clarke's column and the neuronal loss therein were more prominent at lower thoracic and upper lumbar spinal cord levels ( Table 2 ). Both parameters (neuronal loss, pTDP-43 lesions) in Clarke's column were more severe in extremity onset cases (upper or lower extremity onset of disease) than in bulbar onset cases (p < 0.01 each). The majority of cases with involvement of Clarke's column showed stage 4 pTDP-43 pathology (n = 9) and two cases showed stage 3 pathology. rare or mild pTDP-43 inclusions without neuronal loss were also observed in the intermediolateral nucleus (IMl) of five AlS cases (cases 14, 16, 17, 22, 35 in Table 1 ), four of which showed an extremity onset of disease (Fig. 2) . All of these cases showed stage 3 pTDP-43 pathology or higher.
Aggregated pTDP-43 in AlS spinal cord oligodendrocytes
Neuronal pTDP-43 aggregates usually were accompanied by similar changes in oligodendrocytes (Fig. 5) , but the pTDP-43 pathology did not develop in non-myelinating oligodendrocytes located along the somata of involved α-motoneurons of lamina IX (satellite cells). Severity of neuronal pTDP-43 inclusions and neuronal loss in different motor nuclei columns correlated closely with the severity of oligodendroglial pTDP-43 aggregates in the anterior horn gray matter and in corticospinal tract white matter (Suppl. Table 1 ). In addition, spinal cord gray matter oligodendroglial pTDP-43 inclusions correlated with the stage of pTDP-43 pathology (rho = 0.37, p = 0.025). remarkably, oligodendroglial pTDP-43 inclusions were observed frequently in the anterior horn gray matter of cases that did not show (or only to a very mild extent) neuronal pTDP-43 aggregates and in which no loss of α-motoneurons was yet detectable (Fig. 5a-d) . In addition, no oligodendroglial pTDP-43 aggregates were seen in the spinal cord white matter. With growing severity of neuronal TDP-43 lesions and increasing loss of α-motoneurons (Fig. 5e, f) , oligodendroglial pTDP-43 lesions could be detected in the spinal cord white matter chiefly in the anterolateral funiculus and especially within corticospinal projections. Finally, in cases with the highest burden of neuronal pTDP-43 pathology and the most severe α-motoneuron loss, oligodendroglial TDP-43 lesions were widespread across both gray and white matter and even extended into non-motor areal of the spinal cord white matter, including the posterior funiculi (Fig. 5g-i) as schematically summarized in panels I-IV of Fig. 5k .
Discussion
Spinal cord involvement is at the very core of AlS pathology and is almost implicit in the standard definition of the disease [31, 51] ; yet, there are no studies to date of how pTDP-43 pathology affects the different groups of neurons within the anterior horn, which thereby could provide a detailed analysis of pTDP-43 pathology along all segments of the spinal cord. However, this information is essential for understanding the progression of AlS, inasmuch as the spinal cord anterior horn is not a uniform en bloc entity but, rather, a complex anatomical system that shows a transversal and longitudinal somatotopic differentiation similar to the homunculus of the cerebral cortex [52, 53] . Within the spinal cord anterior horn, the neurons of lamina IX [48] are organized into a series of longitudinal motor columns, the numbers of which vary within different divisions of the spinal cord (Fig. 1) . It is difficult to differentiate these motor nuclei columns in transverse 6-to 10-µm-thick sections because their borders are not always sharply delineated and the nuclei are often closely juxtaposed together. Consequently, the descriptions of these columns vary somewhat from author to author [27, 50, 52, 53] . Moreover, the problem of delineating different motor nuclei columns in AlS is aggravated by neuronal loss. Thus, here we used 70-µm-thick sections and a simplified version of the organizational scheme of the 11 motor nuclei columns as proposed by [50] supplemented by templates from control spinal cord sections (Fig. 1) to analyze pTDP-43 pathology in all corresponding segments of the anterior horn of AlS.
Not surprisingly, we found no pTDP-43 aggregates in motor nuclei columns of control cases, while pTDP-43 pathology was widespread across various motor nuclei columns and along different divisions (i.e., cervical, thoracic, lumbar, sacral) of the AlS spinal cord, and it was closely associated with α-motoneuron loss. This observation is in line with previous studies reporting the presence of severe pTDP-43 pathology in α-motoneurons of the anterior horn [7, 9, 16, 21, 22, 30, 40-43, 54, 55] .
As a rule, neuronal loss in the motor nuclei columns only became apparent when moderate to severe pTDP-43 aggregation was present (Fig. 3c, d ). As such, and consistent with earlier studies [10, 21, 22, 41] , pTDP-43 lesions most likely precede neuronal loss, presumably reaching a given threshold before it causes neuronal dysfunction and death.
Other groups have reported a somatotopic differentiation of the cervical and lumbosacral enlargements of the spinal cord anterior horn, in which groups of α-motoneurons located in medial areas mainly innervate axial (trunk) muscles, whereas ventral groups project to proximal extremity muscles and lateral and dorsal areas innervate the more distal muscles of the extremities [27, 52, 53] . This transverse somatotopic division is augmented by a longitudinal differentiation of muscle innervation: motor neurons controlling hand movements are located primarily in segments C8 and Th1, and the distal lower extremity muscles are innervated mainly from the lower lumbar and upper sacral segments [27] .
Here, both pTDP-43 pathology and neuronal loss were most severe in the dorsolateral motor nuclei columns of the lower cervical and lower lumbar/upper sacral segments (e.g., columns 4, 6, and 8 of the lower cervical segments, and columns 9-11 of the lumbosacral segments; see Fig. 3 ). Since the severity of pTDP-43 aggregates and neuronal loss are likely to increase in a specific region with progressing disease [40] , our findings indicate that the dorsolateral motor nuclei columns of the lower cervical and lumbar anterior horn are possibly the earliest foci of pTDP-43 pathology in the AlS spinal cord. In addition, the remarkably severe involvement of dorsolateral motor nuclei columns coincides well with clinical observations of the early involvement of distal and extensor extremity muscles in limb onset AlS [31] .
It should also be pointed out that the severity of motor nuclei column involvement was closely associated with the clinical onset of disease, with massive involvement of columns 4, 6, and 8 observed in cases with an upper extremity onset of disease, and with severe pTDP-43 pathology and neuronal loss in columns of 9, 10, and 11 of AlS cases with a lower extremity onset of disease (Fig. 3) . In contrast, spinal cord neuronal loss was generally much less severe in cases with a bulbar onset of disease. longitudinally, neuronal loss (and, to a lesser extent TDP-43 pathology) were accentuated in cervical segments in cases with upper extremity disease onset and decreased in a rostro-caudal gradient, whereas neuronal loss increased to lumbar and upper sacral segments in cases with lower extremity onset of disease.
Spinal cord involvement at different stages of TDP-43 pathology
We next evaluated how spinal cord pTDP-43 pathology might relate to stages of pTDP-43 pathology. As in our initial staging study [9] , very few stage 1 cases (n = 4) were available. Here, all four stage 1 cases showed involvement of the motor cortex and brainstem somatomotor nuclei in addition to pTDP-43 lesions in the spinal cord. However, although neuronal loss was absent, pTDP-43 lesions in stage 1 cases were detectable along the entire length of the spinal cord in all but a single case, where pTDP-43 aggregates were confined to lower lumbar/upper spinal segments. Thus, these findings support the idea that spinal pTDP-43 pathology in AlS disseminates after a focal onset [46, 47] . However, it remains unclear if the pathology spreads between the α-motoneurons of different motor nuclei columns and across different segments or, alternatively, if it reaches the neurons of lamina IX by axonal connections of cortical projection neurons as recently hypothesized by our group [3] . We could not determine whether spinal cord lesions constitute the earliest foci of pTDP-43 pathology in AlS or whether such spinal pathology results from propagation of cortical pTDP-43 lesions because selected cortical areas rather than complete hemisphere series were available for this study.
We also analyzed spinal cord pathology in cases with the highest burden of pTDP-43 pathology (AlS stage 4) [9] . Neuropathological staging attempts are, by definition, crosssectional, but we observed a correlation between the stages of pTDP-43 pathology and disease duration in the subgroup of extremity onset cases. However, previous studies have not unequivocally correlated severity of pTDP-43 pathology with disease duration, i.e. there are reports of mild pTDP-43 aggregates in AlS patients who survived for a long time, reflecting a relatively benign course of disease [26, 42] . In contrast, we saw severe pTDP-43 lesions and neuronal loss in three AlS patients with rapidly progressive disease who were kept alive over a median of 70 months by invasive ventilation via tracheostomy (Table 1) . Furthermore, in some of these cases, the distribution of the aggregates did not resemble the regional distribution pattern observed by us previously in stage 4 cases [9] . We postulated that such cases with oculomotor involvement may constitute an additional advanced neuropathological stage (designated here as stage 5) of TDP-43 pathology in AlS. To assess the presence or absence of pTDP-43 pathology in the nuclei of the extrinsic eye muscles, frontal sections cut perpendicularly to the brainstem axis should be made as follows: a central section cut through the largest extent of the superior colliculus (N. Involvement of the oculomotor nucleus (N. III) has been reported before in AlS [39] , including cases with long-term survival on a respirator [24, 32, 33] . Moreover, our proposed stage 5 cases displayed massive and widespread neuronal loss that resulted in a marked bilateral atrophy of spinal cord anterior horns (Fig. 4i) . In addition, neuronal loss extended beyond the motor areas, and abundant pTDP-43 aggregates were present in the cerebellar dentate nucleus, which occurs from stage 2 onwards but normally remains patchy [9] , and there was nearly a complete loss of pigmented dopaminergic neurons in the substantia nigra reminiscent of PD [6] (Fig. 4g ) but in the absence of lewy body pathology.
given previous clinical and neuropathological findings of non-motor involvement in AlS [10, 17, 21, 38, 45, 63] , it is conceivable that with ongoing disease progression, AlS increasingly shifts from a disease of mainly motor neurons to a multi-system disease, a notion supported by our observation that the involvement of Clarke's column and IMl only was observed in AlS stages 3 and 4 ( Table 2 ). There are no previous reports of pTDP-43 pathology in neurons of Clarke's column, although mild neuronal loss in the posterior thoracic nucleus has been noted in cases with a long duration of disease [26] . Clarke's column neurons receive proprioceptive afferences from skeletal muscles and project to the cerebellum via the posterior spinocerebellar tract [57] . However, all neurons of lamina VII are also targeted by brain regions involved in motor functioning, including the motor cortex, red nucleus, and periaqueductal gray matter [14, 61] . Whereas pTDP-43 pathology in the neurons of Clarke's column underlines the concept of AlS as a multi-system disease [22] , the clinical relevance of the pathology, there is difficult to interpret because neuronal loss was discrete in comparison to the very severe changes in lamina IX. The same applies to Onuf's nucleus, where pTDP-43 lesions, which have been reported previously, were not accompanied by neuronal loss [56] .
Stages of pTDP-43 pathology were related to disease duration in the subgroup of cases with extremity onset, and severity of neuronal loss increased with duration of disease, supporting the notion that accumulating pTDP-43 neuronal aggregation results in neuronal dysfunction and death, although the underlying molecular mechanisms of TDP-43-mediated neurodegeneration so far remain enigmatic (reviewed in [34] ). Our cohort included 6 cases with a C9orf72 hexanucleotide repeat expansion, which has been linked to a younger age of onset of AlS [60] , though the number of C9orf72 cases in our study was too small to exert a relevant influence here. Spinal cord pTDP-43 pathology and neuronal loss did not correlate with the AlSFrS-r, which is in line with our previous studies of spinal cord pTDP-43 pathology [9, 11] .
gray matter oligodendroglia as harbingers of neuronal pTDP-43 pathology In addition to involvement of different neurons, we consistently observed widespread oligodendroglial pTDP-43 inclusions in the spinal cord gray and white matter of AlS (Fig. 4) . In addition, severity of gray and white matter oligodendroglial pTDP-43 inclusions correlated closely with neuronal involvement and loss (Supp. Table 1 ). Oligodendrocytes form the myelin sheaths of the CNS and enable the rapid propagation of axonal action potentials with minimal energetic output. There is increasing evidence that, beyond their role as mere structural elements, oligodendrocytes also provide metabolic support to neurons by transferring glycolytic intermediates through the monocarboxylic transporter MCT1 [25, 36] . Motor neurons in the spinal cord have been shown to depend on this transporter for survival, which indicates that oligodendroglia play a key role in the preservation of motor neuron integrity [36] . recently, extensive degeneration of gray matter oligodendrocytes was observed in SOD1 AlS mice that began prior to the onset of clinical disease symptoms [29] . Here, we repeatedly observed gray matter oligodendroglial pTDP-43 inclusions in areas without evident neuronal pTDP-43 aggregates, and in which no neuronal loss or white matter oligodendroglial pTDP-43 pathology were detected (Fig. 5a-d) . Consequently, gray matter oligodendroglial involvement may be an early event in the disease process that heralds subsequent involvement of neuronal cells by Fig. 5 Oligodendroglial pTDP-43 pathology in AlS spinal cord. a, b early involvement of gray matter oligodendroglia (small dot-like/ rounded aggregates) at the level of S2 indicated by arrowheads, whereas α-motoneurons (arrow) and white matter oligodendroglia are largely unaffected, and no neuronal loss is detectable in b (pigment-Nissl staining). c Double-labeling IHC of segment C6 anterior horn (asterisk marks a normal α-motoneuron) using an OSP antibody (brown) and pTDP-43 antibody (dark blue). Arrowheads indicate oligodendrocytes containing aggregated pTDP-43, arrows point to oligodendrocytes without pTDP-43 aggregates. d Double-labeling IHC of segment l5 anterior horn using an oligo2 antibody (brown) and pTDP-43 antibody (dark blue). Arrowheads show oligodendrocytes with pTDP-43 aggregates, arrows point to intact oligodendrocyte devoid of pTDP-43 pathology. Micrographs in (e) and (f) show aggregates both in α-motoneurons (arrows) and gray matter oligodendrocytes (arrowheads) demonstrated by pTDP-43 IHC in segments l4 (e) and C7 (f). g C7 anterior horn with massive gray and white matter oligodendroglial pTDP-43 involvement. h Pigment-Nissl staining of same region as in (g) with severe loss of α-motoneurons. i White matter oligodendroglial pTDP-43 pathology in dorsal (sensory) white matter areas at the level of segment Th8. Framed inset shows dorsal white matter oligodendroglia at higher resolution. Scale bar in a also applies to b, scale bar in f is valid for framed area in i, and scale bar in g applies to h, i. k Schematic drawing illustrating the hypothetical sequence of oligodendroglial and neuronal pTDP-43 pathology in gray (upper half of each panel) or white (lower half of each panel) matter of the spinal cord: I-oligodendroglial pTDP-43 inclusions (indicated by brown dots in each panel) are present in the anterior horn gray matter of cases lacking neuronal pTDP-43 aggregates and without evident loss of α-motoneurons or detectable white matter oligodendroglial involvement. II, III-With increasing severity of neuronal pTDP-43 lesions (II) and progressive loss of α-motoneurons (III), oligodendroglial pTDP-43 aggregates are increasingly observed in the spinal cord white matter. IV-In cases with severe neuronal pTDP-43 pathology and extensive α-motoneuron loss, extensive oligodendroglial pTDP-43 pathology is observed across both gray and white matter pTDP-43 pathology (Fig. 5k) . Based on their anatomical distribution, these gray matter oligodendrocytes are not satellite cells but are located in close proximity to axonal connections of α-motoneurons, e.g., corticospinal projections. TDP-43 can be transported along axons of cultured motor neurons [19] , and we recently hypothesized that TDP-43 could propagate via axonal connections [8, 9] . Since gray matter oligodendroglial pTDP-43 inclusions occurred here in cases that did not yet show white matter oligodendroglial involvement, they are likely to reflect selective changes at the distal parts of axonal connections to α-motoneurons rather than changes along the entire length of the axon. Accordingly, we speculate that early gray matter oligodendroglial involvement may reflect an increasing propensity of TDP-43 to aggregate in distal portions of axons that could lead to aggregate formation in perineuronal oligodendrocytes before reaching α-motoneurons.
Based on the findings presented here and in a previous staging paper [9] , we infer that the progression of AlS from focal sites of onset in the agranular motor cortex, brainstem motor nuclei of cranial nerves V, VII, and X-XII, as well as in spinal cord motor neurons to more widespread areas of the CNS could reflect the cellto-cell spread of pathological TDP-43, and we speculate that this could have significant implications for the development of disease modifying therapies for AlS and related TDP-43 proteinopathies. Furthermore, early oligodendroglial involvement by pTDP-43 pathology as well as the close relation between neuronal and oligodendroglial pTDP-43 aggregation supports the notion that oligodendroglia could play an important role in AlS pathology.
